Abstract. The aim of this study was to compare the use of transcutaneous versus motor nerve stimulation in the evaluation of low-frequency fatigue. Nine female and eleven male subjects, all physically active performed a 30-min downhill run on a motorized treadmill. Knee extensor muscle (KE) contractile characteristics were measured prior to, immediately following (POST) and 30 min after the fatiguing exercise (POST30) using single twitches, and 0.5 s tetani at 20 Hz (P20) and 80 Hz (P80). The P20·P80 -1 ratio was calculated. Electrical stimulations were randomly applied either maximally to the femoral nerve (NES) or using large surface electrodes (ES) at an intensity sufficient to evoke 50% of MVC during a 80 Hztetanus. Voluntary activation level (%VA) was also determined during isometric maximal voluntary contraction (MVC) using the twitch-interpolation technique. KE MVC and %VA decreased at all points in time post exercise (P<0.001). P20 and P80 displayed significant time × gender × stimulation method interactions (P<0.05 and P<0.001, respectively). Both stimulation methods detected significant torque reductions at POST and POST30. Overall, ES tended to detect a greater impairment at POST in male and a lesser one in female subjects at both POST and POST30. Interestingly, the P20·P80 -1 ratio relative decrease did not differ between the two methods of stimulation. The low-to-high frequency ratio only demonstrated a significant time effect (P<0.001). It can be concluded that low-frequency fatigue due to eccentric exercise appears to be accurately assessable using ES.
INTRODUCTION
Low-frequency fatigue (LFF), i.e. the preferential loss of force at low frequencies of electrical stimulation, is a prominent characteristic of exercises involving lengthening contractions of the active muscles such as eccentric-and stretch-shortening cycle-(SSC) type exercises (for a review see (13)). Almost all studies related to eccentric and SSC exercises have used electrical stimulation of the muscle (ES), i.e. stimulation of the exercised muscles via large surface electrodes, to evaluate LFF (24, 26, 28, 29) with evoked torque levels ranging from 33% to 75% MVC at high stimulation frequencies. However, the use of submaximal evoked torques may include a number of limitations. First, ES depolarizes axons located near the stimulating electrode, especially the larger ones (16) . As a consequence, fasttwitch motor units are preferentially recruited by ES (31). As these motor units are more fatigable than their slow-twitch counterparts, this preferential recruitment could lead to an overestimation of the whole muscle fatigability. Secondly, axonal recruitment thresholds may vary so that different motor units can be tested in different trials (10). Thirdly, it has been suggested that muscle damage is partly responsible for LFF after damaging exercises (13).
Since muscle damage is heterogeneously distributed in the whole muscle group, the use of ES, that recruits only a fraction of the muscle group, could misestimate the extent of LFF (32). Fourthly, Binder-Macleod et al. (3) demonstrated that the force-frequency relationship was shifted to the left at an intensity sufficient to evoke 80% MVC as compared to lower submaximal intensities. As a result, at lower submaximal intensities, the low-to-high frequency ratio is lower as compared to the same ratio obtained with an intensity sufficient to Evaluation of low-frequency fatigue in humans -4 -relationships than the more superficial heads. Finally, Davies and White (4) demonstrated that electrically elicited torque loss is voltage-dependent and underlined the difficulty of using submaximal forces when low-to-high frequency ratios are employed to assess muscle function following exercise in humans. Rather, they suggested the use of stimulation which ensures the complete activation of the muscle. Nevertheless, the discomfort induced by submaximal stimulation via ES is very limited and this is the reason why this type of stimulation is widely used in clinical practice and laboratory testing.
Tetanic stimulation of the motor nerve is effective in recruiting almost maximally the knee extensor muscle group (KE) (7, 22) but induces discomfort so that one cannot use this method with patients or aged subjects. However, neurostimulation (NES) can be considered as the best currently available method to study LFF. Rutherford et al. (25) previously addressed this issue of transcutaneous versus motor nerve stimulation of the quadriceps for the interpolated twitch technique and did not find any difference between the two methods. As far as we know, this comparison has never been made for the evaluation of LFF. Therefore, the purpose of this experiment was to compare the results provided by these two methods of electrical stimulation, i.e. ES and NES, after eccentric-type exercise in order to test the validity of submaximal elicited torques in the evaluation of LFF. A secondary objective was to examine any gender differences in the responses to ES and NES, since the higher percentage body fat observed in female subjects may alter the response to ES.
METHODS

Subjects
Twenty physically active subjects (9 females and 11 males) completed the study. Their morphological characteristics are presented in Table 1 . All were familiar with electrical stimulation and with testing procedures. The study was conducted according to the Declaration of Helsinki and approval for the project was obtained from the local Committee on Human Research. Additionally, each subject gave written informed consent.
Muscle function measurements
Before the experiment, each subject performed a 10-min warm-up on a bicycle ergometer (Excalibur, Lode, Groningen, The Netherlands) at a self-selected power output.
Muscle contractile characteristics were measured prior to, immediately following and thirty minutes after a 30-min downhill run performed at a speed of 10 km·h -1 with a 20% negative slope on a motorized treadmill (EF 1800, Tecmachine, Andrézieux-Bouthéon, France).
During the testing procedures, the participants were seated in a strength training device (modified leg extension machine) where the mechanical response was recorded by a strain gauge (SBB 200 kg, Tempo Technologies, Taipei, Taiwan). The subjects were secured firmly with velcro straps across their hips and chest to minimize upper body movement. Subjects were also asked to keep their arms crossed over the chest during voluntary efforts. All measurements were taken from the subject's right leg, which was flexed at 90 degrees from full extension. The isometric contractions performed during the experiment included maximal Evaluation of low-frequency fatigue in humans -6 -voluntary contractions and electrically evoked torque measurements. During all the testing procedures, the subjects were strongly encouraged.
Maximal voluntary contractions
Maximal voluntary contraction (MVC) testing involved three conditions. Two trials per condition were required with a one minute rest between each trial. For each condition, the best result was used for further analysis. In the first condition, the contractions were performed without electrical stimulation. These two MVC attempts were only performed before the fatiguing exercise since the best value was used to determine ES stimulation intensity (see below). The second and third conditions involved MVC with a double pulse (time inter-pulse: 10 ms) superimposed to the isometric plateau, using either ES or neurostimulation (NES), in a randomized order. The stimulation intensity was the same as that set for the electrically evoked torque measurements (see below). The double pulse superimposition technique, based on the interpolated-twitch method (20) enabled us to estimate the KE maximal voluntary activation level (%VA). The ratio of the amplitude of the superimposed double pulse over the size of a double pulse in the relaxed muscle (control doublet) was then calculated to obtain %VA as follows:
A control double pulse was delivered 2 s after each MVC. This procedure provides the opportunity to obtain a potentiated mechanical response which helps reduce the variability in %VA values (15) . The superimposed doublet was preferred to a superimposed twitch since it is effective in increasing the signal to noise ratio and thereby in detecting small changes in %VA (11). In a few cases, where the doublet was applied when the torque level was already slightly declining, a correction was applied in the original equation, as suggested by Strojnik and Komi (30). The correction was only used for trials were T b ≥ 95% T max . Other trials were discarded from analysis.
Electrically evoked torque measurements
After MVC measurements, electrical stimulation of resting KE was performed using either ES or NES. Square wave pulses with a width of 0.5 ms at a maximal voltage of 400 V were produced by two stimulators (both were Digitimer DS7, Hertfordshire, United Kingdom).
ES was delivered percutaneously via two 5.1 cm × 10.2 cm gel pad electrodes (Compex SA, Ecublens, Switzerland) placed proximally and distally on the anterolateral thigh. The stimulation intensity, ranging from 36 to 112 mA, was set by progressively increasing the stimulus intensity of a 500-ms tetanus at a stimulation frequency of 80 Hz until the stimulation train was sufficient to evoke 50% of the subjects MVC on the day of testing.
This 500-ms tetanus duration is sufficient to reach a plateau during the tetanus ( Figure 1 ).
NES was applied percutaneously to the femoral nerve using a ball probe cathode Finally, the efficiency of the stimulation method (17) was calculated for the 20 and 80
Hz tetani, as follows:
Stimulation efficiency = torque·stimulation intensity -1 To take into account possible gender differences in subcutaneous fat content, normalized stimulation efficiency was calculated taking into account the lean body mass:
Normalized stimulation efficiency = torque·lean body mass -1 ·stimulation intensity Voluntary contractions MVC data displayed a significant time effect (P<0.001). Torque decreased at all points in time post exercise with no significant recovery between POST and POST30 (Table 2 ). This significant impairment occurred concurrently with a significant reduction of %VA and RMS over time (P<0.001 and P<0.01 respectively; see Table 2 ). At POST30, RMS decline just failed to reach the significance level (P=0.06). None of these variables showed any gender At rest twitch characteristics did not show any stimulation method × gender interaction (see Table 3 ).
M-wave characteristics
RMS M demonstrated a significant time × stimulation method combined effect (P<0.01). RMS M tended to decrease at POST (-8.0 ± 11.3%; NS). At POST 30, this decrement was significant (-14.6 ± 12.1%; P<0.01). ES was 1.5 to 2 times more comfortable than NES. For males, low frequency stimulation was less painful than high frequency. This difference was not apparent in female subjects.
DISCUSSION
Our results suggest that after a 30-minute downhill run, relative low-to-high frequency ratio decreases evoked via ES and NES were similar. When evaluating evoked torques decrements, both ES and NES were able to detect neuromuscular fatigue effects but were not consistent on the magnitude of these reductions. As expected, submaximal surface muscle stimulation appeared more comfortable than supramaximal percutaneous nerve stimulation.
Stimulation-induced discomfort
ES appeared less painful than NES. On the one hand, this cannot be the result of stimulation intensity, since ES and NES did not differ in the intensity level set to evoke muscle contractions. On the other hand, the current density is more diffuse with larger electrodes. Thus, the larger size of ES stimulation electrodes, as compared to NES, could have contributed to the minimization of electrically induced pain (1).
Exercise-induced fatigue : comparison with the literature
The 30 minute downhill run induced a 15% MVC decrease together with a slight decline of %VA and RMS. The fatiguing exercise also induced a significant reduction in the P20·P80 -1 ratio over time, together with a general impairment of electrically-evoked torques.
M-wave characteristics were also altered after the downhill run. 
Electrically evoked contractions
To our knowledge, the present report is the first to compare ES and NES in the evaluation of low-frequency fatigue. Previous attempts were aimed at comparing torques evoked at different voltages using ES (4, 6, 9, 12). However, all these studies have only used submaximal torques (<70%MVC). As stated in the introduction, this choice may involve a number of limitations.
In the present study, the comparison of transcutaneous versus motor nerve stimulation of the quadriceps revealed that the P20·P80 -1 ratio behaviour under fatigued and recovery conditions was influenced neither by the method employed to elicit muscle contraction nor by gender. As a result, low-frequency fatigue appeared to be accurately assessable using ES. This If both methods similarly detected the presence of low-frequency fatigue, they also revealed a general alteration of electrically-evoked torques. Qualitatively, both stimulation methods detected an impairment in P20 and P80, but were not in agreement on the magnitude of these decreases. Overall, ES tended to detect a greater impairment at POST in male and a lesser one in female subjects at both POST and POST30. The reasons for these differences are unclear. A possible explanation may be that different motor unit pools are recruited when stimulating male and female subjects using ES. However, the analysis of the twitch characteristics does not support this hypothesis. Another possibility is that the greater subcutaneous fat content in women may have influenced their response to ES stimulation. It is worth noting that stimulation intensities did not differ between genders. One could suppose that the higher subcutaneous fat content in female subjects may have altered stimulation efficiency in this group of subjects. However, it must be remembered that men have a greater muscle mass. Since cross-sectional area was not measured in the present study, we normalized evoked torque to lean body mass. When evoked torque was expressed in N·m per kg of lean body mass, there was no longer any difference between genders for a given stimulation intensity, suggesting that the stimulation efficiency did not differ between males and females, whatever the stimulation method. According to Lieber et al. MVC, % %VA (ES), % %VA (NES), % EMG RMS MVC , % POST -13.6 ± 5.5 *** -3.0 ± 5.1 ** -1.9 ± 5.0 ** -11.1 ± 16.4 ** POST30 -13.6 ± 4.8 *** -3.7 ± 5.4 *** -0.9 ± 2.9 *** -9.7 ± 18.4 POST -16.4 ± 11.5 *** -5.7 ± 4.7 ** -5.2 ± 7.9 ** -16.9 ± 22.7 ** POST30 -17.0 ± 8.6 *** -5.4 ± 5.2 *** -5.7 ± 7.3 *** -6.8 ± 22.2 Table 3 . Main mechanical characteristics of the evoked twitch before the fatiguing exercise.
Data are means ± SD. 22.4 ± 4.7 * 15.7 ± 3.6 § NES 30.6 ± 7.9 ** 93.5 ± 13.9 74.5 ± 13.2 21.9 ± 4.5 * 13.7 ± 3.0 
